1 Diffusion profile of Au/Ge 2 Sb 2 Te 5
The modelled diffusion profiles of Au/Ge 2 Sb 2 Te 5 in the as-deposited state and after annealing at 100
• C, 150
• C, and 200
• C are shown in Figure S1 (a)-(d). The thickness and roughness of the Au/Ge 2 Sb 2 Te 5 diffusion layer in the as-deposited state and after annealing at 100
• C are shown in Figure S1 (e). The model structure consists of a silicon substrate, a accordance with face centered cubic Ge 2 Sb 2 Te 5 in the crystalline state. There are also Ti and TiN 0.58 peaks, which are due to the non-stoichiometric phase of titanium nitride (TiN x ), which is normally used for plasmonic applications.
In our case, the TiN x layer is Ti rich but it is still stable and does not diffuse into Ge 2 Sb 2 Te 5 even at a temperature of 200 • C.
Introduction
Manipulating light on the nanoscale using tuneable metamaterials has a range of important applications from detecting minute concentrations of bio-markers to high resolution printing [1, 2] . Once these metamaterials have been fabricated their optical response is usually fixed, and this lack of adaptability limits the potential of the devices. Integrating chalcogenide phase change materials
Inter-diffusion of Plasmonic Metals and Phase Change Materials 3 (PCM) into photonic devices offer a potential route to reprogrammable photonic devices [3, 4] Phase change chalcogenides have amorphous and crystalline phases that are stable at room temperature. There is a a large optical and electrical contrast between these structural phases. Switching between the states is very fast; indeed femtosecond, picosecond, and nanosecond electrical or laser pulses have been used to switch phase change materials [5, 6, 7] . The large optical property contrast has been commercialised in rewritable optical data storage discs [8] whilst the large electrical property contrast is now being applied to non-volatile memory [9] . The next chapter of phase change materials (PCM) research will involve developing materials and devices that exploit both the optical and electrical property changes together. Indeed, tuneable polarisationindependent perfect absorbers at visible [10] and mid-infrared frequencies [11, 12] , reflective-displays [13] , on-chip photonic memory [14, 15] , and reconfigurable optical circuits [16, 17] have already been demonstrated. However, most research groups do not consider interfacial reactions and diffusion between the phase change materials and metal layers [18] . We find that this is, actually, a big problem and must be considered when designing phase change material tuned plasmonic structures. Diffusion can influence the crystallisation kinetics, and optical constants of the phase change materials [19, 20, 21, 22] . For this reason phase change optical data storage digital versatile discs (DVD) usually protect Sb-Te based chalcogenide layers with a thin layer of ZnS-SiO 2 [23, 24] .
Despite the diffusion problem, many recent phase change material photonics publications neglect the diffusion barrier. This leads to uncertainty in the route cause of the optical strcture's switching response.
From a plasmonic design perspective, placing the chalcogenide directly in contact with the metal is ideal. This is because plasmonic effects decay exponentially with distance, and therefore the change to the optical response depends on the distance between the metal layer and the PCM. In partic- 
Interface characterisation
X-ray reflectivity (XRR) was chosen to characterise the interfaces of the multilayer samples. Since the XRR X-ray beam is spread over a cm 2 -scale area, it provides a more representative description of the interface roughness and layer inter-diffussion than locallised nanoscale characterisation techniques. The interference of the X-rays reflected from the interfaces results in oscillations as a function of the X-ray beam incident angle. A model based on Parratt's equations can be fitted to these oscillations [27] . Typically the XRR intensity changes by four or five orders of magnitude over the scanned angular range.
XRR is highly sensitive to diffusion and roughness. In particular, roughness decreases the reflected intensity because it causes diffuse scattering [28] .
FDTD simulations
The reflectance spectrum for the structure Au/Ge 2 Sb 2 Te 5 /Au structure without and with a TiN diffusion barrier was modelled using the finite-difference time-domain (FDTD) method to solve Maxwell's equations [29] . In the model periodic boundary conditions were used on the lateral dimensions with a size of 1000 nm by 1000 nm, perfectly matched layer boundary conditions were used in the vertical direction. A plane wave source illuminated the layered structure at normal incidence. The optical constants of gold described by Palik were used [30] , whilst our ellipsometry measurements for the optical constants of 
Results and discussion
We studied inter-diffusion at the interface between Ge 2 Sb 2 Te 5 and five different metals: Ag, Al, Au, W, and TiN. Ag, Al, and Au are commonly used metals in visible plasmonics due to their real part of the permittivity being less than zero at visible and near-infrared frequencies. In addition we also studied W and TiN, which are often used in phase change random-access memory (PCRAM) devices as electrodes and contact directly with Ge 2 Sb 2 Te 5 [9] . Therefore, we expect diffusion of W and TiN to be less problematic than the noble metals.
TiN is particularly attractive because its real composonent of the refractive index is less than zero for visible wavelengths of light. Indeed, its dielectric fore we further investigated the inter-diffusion of Au/Ge 2 Sb 2 Te 5 using optical reflection spectroscopy, modelling the optical reflection spectrum, measuring XRR of the interface, and measuring X-Ray Diffraction (XRD) from the crystal structure.
To show the effect of Au diffusion on phase change photonics devices, we Crystallisation causes the resonances to red-shift to a wavelength of 1272 nm and 1392 nm for both the measured and simulated structures respectively. The small differences between the simulated and measured spectra are mostly likely due to differences in the TiN dielectric function. The small glitches at 800 nm and 1600 nm in the measured spectra shown in Figure 3 • C is shown in Figure 4 (a). Similar plots for other annealing temperatures can be found in the supporting information.
The only way we could achieve a good fit between the measured and mod- The lack of resonances in the optical reflectivity spectra strongly suggests that the Au-Ge 2 Sb 2 Te 5 interface is damaged after heating. In contrast, the XRR pattern shows interference fringes, which suggests sharp and non-diffuse interfaces. These two results may suggest that the Au and Ge 2 Sb 2 Te 5 layers reacted to form a new interfacial layer with a different composition and density to that of Ge 2 Sb 2 Te 5 and Au. Therefore, we measured the X-ray diffraction (XRD) pattern from the Au/Ge 2 Sb 2 Te 5 structure after annealing at 200
• Cto identify crystallographic changes to the Ge 2 Sb 2 Te 5 structure, see Figure 5 . It is clear from figure 5 that the Au layer produces additional peaks in the [42] . Since the crystallisation temperature depends on the interfacial reactions, the PCM composition, and the mechanical properties of the materials used in the layered structure, the affect of different metallic caps and diffusion barriers on the crystallisation kinetics needs to be studied carefully.
We also measured the XRD pattern of TiN/Ge 2 Sb 2 Te 5 after annealing at
200
• C and this can be found in the supporting information, see Figure S2 . The 
